Display of random peptide sequences on the coat proteins of bacteriophages makes it possible to generate libraries of peptides of great diversity (> 10 9 ); rounds of selection and amplification make it possible to select peptides that bind usefully to many targets. [4] [5] [6] Modifications of phage coat proteins, however, can influence the rates of infection of bacteria, the rates of assembly of the new phage particles, or the rates of their production from infected bacteria. [1, 2] When phage with different compositions of the coat proteins (and thus different rates of amplification) compete for the same pool of bacteria, clones that replicate more rapidly capture an increasing fraction of the total pool of bacteria. Amplification of libraries of phage leads to selection of the clones that amplify faster than the rest of the library; [7] [8] [9] it decreases the diversity of the library and leads to loss of potentially valuable clones. For example, a library of 10 9 diverse clones can contain 10 2 -10 3 of clones displaying peptides that have similar affinities for a target; [10] but rounds of selection and amplification are likely to retain only a few that bind to target and amplify rapidly. The problem of amplification-based selection is exacerbated when the target has many potential binding sites (e.g. cells, organs). [8, 11, 12] Elimination of undesired competition between different phage clones during amplification would enable selection of wider repertoire of target-binding phage independently of their relative rates of replication. We demonstrate a procedure that accomplishes this elimination.
Our demonstration used non-lytic M13 filamentous phage; this phage uses E. coli as a host, and produces a burst of ca. 1000 plaque-forming units (pfu) of phage within an hour of bacterial infection. [2] To model competition between phage clones, we used two sets of clones: 1) a commercially available library of M13 phage that was engineered to present a 12-mer peptide on the PIII coat protein, and 2) a wild-type (wt) phage (also known as "environmental phage"). Because wt infects bacteria more effectively than engineered phage, wt is an excellent model of a "rapidly growing phage" (R), while the engineered library provides a model of a "slowly growing phage" (S). In our experiments, S phage (exclusively) contained a galactosidase reporter, and formed blue plaques in bacterial colonies on solid media containing the colorimetric galactosidase substrate X-gal. [13] Reporter-free R phage forms clear plaques in the same conditions. During growth of a mixture of S and R phage in a common suspension of E. coli (Figure 1a) , the first burst of progeny from the R phage appeared sooner than that for S ( Figure 1b) . The R/S ratio reaches 170 ± 130 in amplification from 50 000 to 10 11 pfu mL −1 , and 580 ± 380 in amplification from 500 to 10 11 pfu mL −1 (Figure 1c ). In contrast, when R and S phage were amplified in separate solutions, they both reached a limiting concentration of (3-5) × 10 11 pfu mL −1 , maintaining the original ratio of 1:1.
Polydisperse emulsions are widely used as compartments for biochemical application. [14, 15] However, in amplification that proceeds to saturation (Figure 1b ), different total numbers of phage are produced in compartments of different volumes. To ensure that each phage clone is amplified by the same amount, we placed them inside monodisperse droplets of growth media, generated by a microfluidic flow-focusing device (MFFD), [16] [17] [18] suspended in a perfluorinated liquid, and stabilized by a biocompatible fluoro surfactant (Figure 2a,b) . [19] We mixed phage and bacteria, and generated droplets from this mixture before the first burst of phage production occurred (within 30-45 min). Operating the MFFD at flow rates between 2-6 mLh −1 , we generated 1-3 mL of compartmentalized phage within 30 min, corresponding to 2 × 10 5 -7 × 10 5 droplets, where the droplets had an average diameter of 216 µm (5.3 × 10 −6 mL/drop). This combination of carrier fluid and surfactant was critical: the stability of droplets allowed us to culture bacteria and phage by rocking the emulsions at 36°C in a standard Petri dish without coalescence of the drops. [20] To demonstrate that separation of slow and fast phage in droplets eliminated competition, we used a 1:1 mixture of S and R phage at different total concentrations of phage (10 5 , 10 4 , 10 3 pfu mL −1 ), and mixed them with 10 8 cfu mL −1 of bacteria to generate droplets of 10 −6 mL. Each drop in this set of experiments thus contained, on average, ca. 100 bacteria and one phage (or no phage). Under these conditions, the probability that S and R phage would be present in the same droplet was small. After 7 h of culture, we de-stabilized the emulsions and estimated the concentration of phage in the medium using a plaque-forming assay (Supporting Information).
These experiments yielded two useful observations: 1) When amplified in droplets, the final total concentration of phage was proportional to the starting concentration of phage ( Figure  2e ). This observation confirmed that phage did not hop between the droplets. If phage were able to cross the fluorous phase and infect bacteria in neighboring droplets, we would expect the final concentration of phage in all samples to reach (3-5) × 10 11 pfu mL −1 . 2) The final R/ S ratio of phage amplified in the mixture of droplets was similar to the initial ratio of ca. 1:1 (2.1 ± 1.2, 1.8 ± 0.5, and 1.6 ± 0.3 pfu mL −1 for different initial concentrations Figure 2d) ; this ratio was not preserved in amplification of phage in bulk solution, and R/S exceeded 100:1 (Figures 2d and 1c) . Because phage clones do not interact, the uniform amplification should be independent of the starting R/S ratio. To test this assumption, we used mixture with high R/S ratio. Starting from R/S = (1.7 ± 1.1) × 10 3 , amplification yielded a mixture with R/S ratio of (3.0 ± 2.0) × 10 3 (Supporting Information Figure S1 ).
We also examined how the number of phage in drops depended on the drop size. We distributed a suspension of a mixture of R and S phage (and bacteria) at a fixed concentration into emulsions made of droplets of different sizes (Figure 3a,b) . Figure 3b shows that, after amplification, the number of phage per droplet increased in proportion to the volume of the droplet. This relation reiterates the importance of monodispersity in droplet size. If different phage clones were isolated from each other in polydisperse emulsions, the distribution of phage amplified in this condition would mirror the polydispersity of the distribution of volumes of drops. (The volume of droplet generated by vortexing can vary by > 100 fold.) [15] The use of limiting dilution makes clonal distribution of phage to droplets simple. Nevertheless, it is a random process and an excess of droplets is always needed to ensure that most phage clones are placed in separate droplets. With a single droplet generator operating at (2-5) × 10 3 droplets per second, the practical number of (different) phage clones that can be amplified in droplets is 10 4 -10 7 (see Supporting Information for calculations).We do not view this feature as a critical limitation: although phage screening starts from a library containing up to 10 9 clones, the first round of selection typically eliminates > 99.99% of the non-binding clones.
The resulting sub-library, with diversity < 10 5 , can readily be encapsulated and amplified in droplets. For applications that require > 10 8 droplets, multiple MFFDs could be employed in parallel. [21] In summary, our strategy allows non-competitive amplification of millions of phage clones having different growth characteristics. Use of monodisperse droplets is critical for amplifying libraries in which every clone is of different genotype: the ratio between clones can be preserved if, and only if 1) the clones are isolated from each other, and 2) all compartments have the same size. This strategy applies to any amplification process, where preferential amplification of library members is a problem (e.g. amplification of libraries of RNA enriches the sequences that amplify faster than the rest of the library). [22] Many in vitro selection procedures based on rounds of selection and amplification (e.g., phage-, ribosome-, RNA-, andDNA-display, aptamers) [23] [24] [25] [26] [27] [28] [29] can benefit from this capability. Adaptation of this strategy should be straightforward even in laboratories without microfluidics capability: the device for the generation of droplets is fairly simple;[30] microfluidics is only necessary for encapsulation, while other manipulations of phage (e.g. growth, selection) can be performed in bulk solution. If desired, however, the MFFD can be combined with other microfluidic components for onchip manipulation, quantification, and selection of drops. [31] The strategy for uniform amplification we presented here should expand the repertoire of ligands that can be identified using in vitro selection procedures. [23] [24] [25] [26] [27] [28] [29] a) Amplification of two types of phage in the same solution. Clones that grow faster are enriched during the amplification. b) Time-dependence of concentration of S and R phage that compete for the bacteria host in the same solution; c) We mixed 500 + 500, 5000 + 5000 or 50 000 + 50 000 pfu of S and R phage, added bacteria, and measured the concentration of S and R after 7 h of amplification. Panels (b) and (c) present all data (3-5 experiments); the overlaying grey bar is equal to 2× (standard deviation). a) Isolation of phage in separate droplets that contained bacteria eliminates competition during amplification. b) Images of droplets generated in a MFFD. c) Images of bacteria (arrow heads) and dividing bacteria (arrow) in a droplet. d) R/S ratio obtained by amplification of a 1:1 mixture of R and S phage in bulk solution or in droplets. We compared the number of phage obtained by amplification of phage at different initial concentrations. e) The final concentrations of R and S were proportional to the initial numbers of R and S phage. (Figure  d and e present all data (i.e., no selection; 2-5 experiments); the overlaying grey bar is equal to 2× (standard deviation)). a) We compared amplification of 1:1 mixtures of S and R phage of the same concentrations placed in droplets of different sizes. Estimated % of infected droplets = (initial concentration of phage, pfu mL −1 )/(number of droplets per mL). b) For the same initial concentration of phage, increase in droplet size led to higher concentration of phage after amplification (N = 2-4). c) The number of phage per drop after amplification was estimated as (final concentration of phage, pfu mL −1 )/(number of infected droplets per mL).
